Cells express multiple G protein-coupled receptors that are simultaneously or sequentially activated by agonists. The consequences of activating one receptor on signaling and trafficking of another receptor are unknown. We examined the effects of selective activation of the neurokinin 1 receptor (NK1R) on signaling and trafficking of the NK3R and vice versa. Selective agonists of NK1R and NK3R induced membrane translocation of ␤-arrestins (␤-ARRs). Dominant negative ␤-ARR 319 -418 inhibited endocytosis of NK1R and NK3R. Whereas an NK1R agonist caused sequestration of NK1R with ␤-ARR in the same endosomes, thereby depleting them from the cytosol, ␤-ARRs did not prominently sequester with the activated NK3R and rapidly returned to the cytosol. In cells coexpressing both receptors, prior activation of the NK1R inhibited endocytosis and homologous desensitization of the NK3R, which was dose-dependently reversed by overexpression of ␤-ARR1. Similar results were obtained in enteric neurons that naturally coexpress the NK1R and NK3R. In contrast, activation of the NK3R did not affect NK1R endocytosis or desensitization. Thus, the high-affinity and prolonged interaction of the NK1R with ␤-ARRs depletes ␤-ARRs from the cytosol and limits their role in desensitization and endocytosis of the NK3R. Because ␤-ARRs are critical for desensitization, endocytosis, and mitogenic signaling of many receptors, this sequestration is likely to have important and widespread implications.
A common theme of signaling by G protein-coupled receptors (GPCRs) for neurotransmitters and hormones is that a single agonist can interact with different receptors. For example, the tachykinins substance P (SP), neurokinin A (NKA), and NKB bind the three neurokinin receptors (NKR) with graded affinities (NK1R, SP Ͼ NKA Ͼ NKB; NK2R, NKA Ͼ NKB Ͼ SP; NK3R, NKB Ͼ NKA Ͼ SP). Thus, one agonist could regulate a cell although distinct receptors once the optimal concentration is achieved. Furthermore, different agonists may simultaneously or sequentially activate distinct receptors on the same cell. The functional relevance of this activation is unknown.
Activation of one receptor could trigger processes that regulate the same or a different receptor (homologous or heterologous regulation, respectively) (1) . Most information about interactions between GPCRs derives from studies of desensitization. G protein receptor kinases and ␤-arrestins (␤-ARRs) interact with agonist-occupied receptors to uncouple them from heterotrimeric G proteins and mediate homologous desensitization, whereas second-messenger kinases are responsible for heterologous desensitization (2, 3) . Less is known about whether activation of one receptor affects trafficking of another. ␤-ARRs are clathrin adapters for receptor endocytosis (4-7), which is necessary for down-regulation (8) , resensitization (9) , and mitogenic signaling (10) (11) (12) (13) . Thus, control over the capacity of a GPCR to interact with ␤-ARRs could have major effects on signaling and trafficking of many receptors. This possibility has not been studied.
We examined interactions between NKRs, which play important roles in inflammation, pain, depression, smooth muscle contraction, and exocrine secretion (14) . Some cells, such as enteric neurons (15, 16) and microvascular endothelial cells (17) , coexpress NK1R and NK3R. However, the consequences of selectively activating one NKR on signaling and trafficking of another are unknown.
Our aims were to (i) determine the consequences of selectively activating the NK1R on trafficking and signaling of the NK3R and vice versa; (ii) define the role of ␤-ARRs in trafficking of these receptors; and (iii) evaluate the role of ␤-ARRs in heterologous regulation of trafficking and signaling.
Materials and Methods
Reagents. NK1R agonist [Sar 9 MetO 2 11 ]SP (SM-SP) and NK3R agonist [MePhe 7 ]NKB (MP-NKB) were from Phoenix Pharmaceuticals (St. Joseph, MO). I-MP-NKB (2,300 Ci͞mmol) were from NEN. SM-SP and MP-NKB were labeled with Alexa-488 and -594 (Molecular Probes) (18) . By measuring Ca 2ϩ mobilization and binding of fluorescent peptides in cells expressing NK1R or NK3R, we verified that SM-SP and MP-NKB are selective agonists of the NK1R and NK3R, respectively, up to 10 nM (not shown). NK1R antagonist SR140333 and NK3R antagonist SR142801 were from Sanofi, Paris. Antibodies to ␤-ARR1͞2 (rabbit) (3) and ␤-ARR1 (mouse) (6) were from R. J. Lefkowitz (Duke University) and Transduction Laboratories (Lexington, KY), respectively. Other reagents have been described (6, 7, 11, 12, 15, (19) (20) (21) (22) (23) Quantification of ␤-ARR. ␤-ARR1 was fused to GEX-4T-1 by PCR. Bacteria were transformed, and ␤-ARR1-GST fusion protein was extracted in 1% Triton X-100͞10 mM 2-mercaptoethanol and purified by using glutathione-Sepharose beads. ␤-ARR1-GST was separated by SDS͞PAGE and quantified by Coomassie staining and densitometry, using BSA standards. To quantify ␤-ARR1, cell lysates and ␤-ARR1-GST standards were fractionated by SDS͞PAGE and analyzed by Western blotting with an antibody to ␤-ARR1 (11, 12) . Band intensities were measured by densitometry. Unless stated otherwise, KNRK-NK1R͞NK3R cells expressed 7.7 Ϯ 1.5 ϫ 10 Ϫ3 fmol ␤-ARR1͞cell.
Dispersion and Culture of Myenteric Neurons. Myenteric neurons were dissociated from the guinea pig small intestine and studied after 7-14 days (22, 23) . I-MP-NKB for 60 min at 4°C. They were washed and incubated for 0-30 min at 37°C. Cells were washed with acid to separate cell-surface (acid-labile) from internalized (acid-resistant) ligand (19, 20) .
Fluorescence Microscopy. Cells were incubated with 10 nM unlabeled or Alexa-SM-SP or MP-NKB for 60 or 120 min at 4°C, washed, and incubated for 0-30 min at 37°C (6, 7, 20, 23) . ␤-ARR1͞2 were localized by immunofluorescence (6, 11, 12, 23) . Cells were observed by confocal microscopy. 2؉ ]i. [Ca 2ϩ ] i was measured by using Fura-2͞AM (6, 7, 21) . Cells were preincubated with agonist or vehicle, washed, and challenged repetitively. Homologous and heterologous desensitization were assessed (see Fig. 6 for details).
Measurement of [Ca
Statistics. Observations were in n Ͼ 3 experiments in triplicate. Results are mean Ϯ SE. Differences were analyzed by ANOVA and the Student-Newman-Keul's test.
Results

Activation of the NK1R Inhibits Endocytosis of the NK3R but Not Vice
Versa. We examined the effects of activation of the NK1R with SM-SP (NK1R agonist) on endocytosis of MP-NKB (NK3R agonist) in KNRK coexpressing NK1R and NK3R (KNRK-NK1R͞NK3R cells: 7.0 ϫ 10 Ϫ3 fmol NK1R͞cell; 1.5 ϫ 10 I-MP-NKB was quantified by using an acid wash. In vehicle-treated cells, warming resulted in rapid endocytosis of 125 I-MP-NKB that was maximal at 10 min (89.5 Ϯ 2.8% internalized) (Fig. 1A) . Prior activation of the NK1R inhibited endocytosis of 125 I-MP-NKB (35.5 Ϯ 6.0% internalized, 10 min, 10 nM SM-SP) for up to 60 min (Fig 1 A) . Inhibition by SM-SP was concentration-dependent (IC 50 Ϸ 0.5 nM; maximal, Ϸ10 nM) and, thus, dependent on the number of activated NK1Rs (Fig. 1B) . A similar degree of inhibition of endocytosis of 125 I-MP-NKB was observed in cell lines expressing approximately equivalent numbers of NK1R and NK3R (32.5 Ϯ 1.7% internalized, 10 min, 10 nM SM-SP: 2.7 ϫ 10 Ϫ3 fmol NK1R͞cell and 2.0 ϫ 10 Ϫ3 fmol NK3R͞cell). Comparable results were obtained in 11 different cell lines expressing varying ratios of NK1R͞NK3R from Ϸ1.4:1 to 6.7:1 (not shown).
To confirm the specificity of inhibition, KNRK-NK1R͞NK3R cells were pretreated with the NK1R antagonist SR140333 (10 nM) for 30 min before incubation with SM-SP. SR140333 abolished the inhibitory effect of 10 nM SM-SP (Fig. 1C) . To investigate the possible role of kinases known to participate in heterologous desensitization of GPCRs (2, 3), cells were pre- treated with inhibitors of protein kinase C (GF109203X), PKA (H-89), tyrosine kinases (genistein), and mitogen-activated protein (MAP) kinase MEK (U1026) for 30 min before incubation with SM-SP. The kinase inhibitors had no effect even on the small inhibition by 1 nM SM-SP (Fig. 1D) .
We examined the effects of activating the NK1R on endocytosis of the NK3R agonist MP-NKB tagged with the fluorophore Alexa (Alexa-MP-NKB) by using confocal microscopy. In vehicle-treated cells, Alexa-MP-NKB was confined to the plasma membrane at 4°C (Fig. 1E Upper) . After 5 or 10 min at 37°C, Alexa-MP-NKB was detected in superficially located endosomes that translocated to a perinuclear region at 20 or 30 min. Prior activation of the NK1R with SM-SP caused retention of label at the plasma membrane (Fig. 1E Lower) . The effect was concentration-dependent and abolished by the NK1R antagonist SR140333.
In contrast, prior activation of the NK3R with MP-NKB did not affect binding or endocytosis of 3 H-SM-SP (Fig. 2) or fluorescent Alexa-SM-SP (not shown).
The effects of NK1R activation on endocytosis of NK3R were examined in enteric neurons that naturally express these receptors. In controls, Alexa-SM-SP (not shown) and Alexa-MP-NKB (Fig. 3 ) specifically bound to the plasma membrane of neurons at 4°C and were detected in endosomes after 20 min at 37°C. Preincubation with 10 nM SM-SP (30 min, 4°C) followed by coincubation with Alexa-MP-NKB caused retention of Alexa-MP-NKB at the cell surface.
Thus, an NK1R agonist causes a concentration-dependent inhibition of endocytosis of the NK3R in transfected cells and enteric neurons. Inhibition is observed in cells expressing both receptors at various ratios. Therefore, the inhibition depends on the number of activated receptors but is independent of the relative levels of receptor expression. In contrast, activation of the NK3R does not affect NK1R trafficking.
The NK1R Sequesters ␤-ARRs in Endosomes and Thereby Inhibits
Agonist-Dependent Endocytosis of the NK3R. We hypothesized that NK1R-mediated inhibition of NK3R endocytosis was a result of competition between receptors for interaction with ␤-ARRs. To determine the role of ␤-ARRs in NK1R and NK3R endocytosis, we transiently expressed ␤-ARR1 (control) or dominant negative ␤-ARRV53D or ␤-ARR in cells expressing either NK1R or NK3R (KNRK-NK1R or KNRK-NK3R cells) and examined endocytosis of fluorescent agonists. In KNRK-NK1R cells (1.5 ϫ 10 Ϫ3 fmol NK1R͞cell) expressing ␤-ARR1-GFP, Alexa-SM-SP was confined to the cell surface after 60 min at 4°C, and ␤-ARR1-GFP had translocated from the cytosol to the plasma membrane (Fig.  4A) . After 10 or 30 min at 37°C, Alexa-SM-SP and ␤-ARR1 were found in the same endosomes. Notably, translocation of ␤-ARR1 to NK1R endosomes markedly depleted cytoplasmic pools of ␤-ARR1 (e.g., 10 min). Transient expression of ␤-ARRV53D-GFP (not shown) or ␤-ARR
319-418
-GFP prevented endocytosis of Alexa-SM-SP (Fig. 4A ) compared with untransfected cells (Fig. 4A) . In KNRK-NK3R cells (2.5 ϫ 10 Ϫ3 fmol NK3R͞cell) expressing ␤-ARR1-GFP, Alexa-MP-NKB was confined to the cell surface at 4°C, and ␤-ARR1-GFP had translocated from the cytosol to the plasma membrane (Fig. 4B) . After 10 or 30 min at 37°C, Alexa-MP-NKB redistributed to endosomes. In contrast, ␤-ARR1 was not sequestered prominently into endosomes after warming, but was distributed diffusely throughout the cytosol. Transient expression of ␤-ARRV53D-GFP (not shown) or ␤-ARR
-GFP prevented endocytosis of Alexa-MP-NKB (Fig. 4B ) compared with untransfected cells (Fig. 4B) . Thus, ␤-ARRs mediate agonist-stimulated endocytosis of the NK1R and NK3R. Whereas ␤-ARR1 remains sequestered with the NK1R in endosomes, which depletes cytosolic pools, ␤-ARR1 does not prominently sequester in endosomes with the NK3R and, instead, returns to the cytoplasm. The reduced sequestration of ␤-ARRs in endosomes with the NK3R is not due to a lower expression of NK3R because it was more highly expressed than NK1R.
Prior activation of the NK1R may induce sequestration of endogenous ␤-ARRs into endosomes. This sequestration could deplete ␤-ARRs from the cytosol and thereby limit interactions between ␤-ARRs and the NK3R. Therefore, we localized endogenous ␤-ARR1͞2 in cells coexpressing the NK1R and NK3R. KNRK-NK1R͞NK3R cells were incubated with SM-SP for 30 min at 4°C plus 10 nM Alexa-MP-NKB for an additional 60 min at 4°C. Cells were washed and incubated at 37°C for 0-30 min, and ␤-ARR1͞2 was detected by immunofluorescence. SM-SP induced membrane translocation of ␤-ARR1͞2 followed by sequestration into endosomes and depletion from the cytosol (Fig. 5A) . Alexa-MP-NKB was retained at the cell surface at all times, where it clustered in patches at 30 min. Thus, an NK1R agonist triggers sequestration of endogenous ␤-ARR1͞2 into endosomes and depletes cytosolic pools.
If sequestration of ␤-ARRs with the NK1R is the mechanism by which the NK1R inhibits endocytosis of the NK3R, overexpression of ␤-ARRs should rescue NK3R endocytosis. To test this hypothesis, we transiently transfected KNRK-NK1R͞NK3R cells with ␤-ARR1. In untransfected cells, NK1R activation prevented endocytosis of the Alexa-MP-NKB (see 10 min, Fig.  5B ). However, in cells overexpressing ␤-ARR1, activation of the NK1R did not prevent endocytosis of Alexa-MP-NKB, which was detected in endosomes after 10 and 30 min at 37°C. We quantified the rescue of NK3R endocytosis by ␤-ARR1 by examining internalization of 125 I-MP-NKB by an acid wash. In KNRK-NK1R͞NK3R cells pretreated with 10 nM SM-SP, internalization after 10 min at 37°C was 12.8 Ϯ 4.2% of maximal (100% in vehicle-treated cells). Stable overexpression of graded amounts of ␤-ARR1 (7-to 22-fold over basal) caused a doserelated rescue (83.3 Ϯ 3.73% of maximal in cells expressing 156 Ϯ 26 ϫ 10 Ϫ3 fmol ␤-ARR1͞cell, Ϸ22-fold over basal, Fig.  5C ). These results suggest that NK1R agonists inhibit NK3R endocytosis by sequestering ␤-ARRs in endosomes and thereby depleting cytoplasmic pools.
Sequestration of ␤-ARRs with the NK1R Inhibits Homologous Desen-
sitization of the NK3R. We determined whether sequestration of ␤-ARRs with the NK1R leads to diminished desensitization of the NK3R. To examine desensitization, KNRK-NK1R͞NK3R cells were preincubated with vehicle or 10 nM SM-SP or MP-NKB for 10 min at 37°C, washed, and incubated in peptidefree solution for 10 min. Cells were challenged with 10 nM of agonist (different from the preincubation) for 2 min, washed, and rechallenged with 10 nM of the same agonist 5 min after the first challenge (Fig. 6A) . Homologous desensitization was assessed by comparing the magnitude of responses to the first and second challenges with the same agonists. Heterologous desensitization was assessed by comparing responses to the first agonist in cells preincubated with vehicle or a different agonist. In vehicle-treated cells, 10 nM MP-NKB caused a transient increase in [Ca 2ϩ ] i that desensitized to repeated challenge (64 Ϯ 4% desensitization) (Fig. 6B) . In cells pretreated with 1, 3, or 10 nM SM-SP for 10 min, when ␤-ARRs were depleted from the cytosol (not shown), homologous desensitization was reduced (1 nM, 46 Ϯ 4%; 3 nM, 42 Ϯ 1%; 10 nM, 0 Ϯ 6% desensitization). Inhibition by 10 nM SM-SP was abolished by overexpression of ␤-ARR1 at Ͼ7-fold basal, suggesting that the effect is mediated by NK1R-induced sequestration of ␤-ARRs. Pretreatment with 1 or 3 nM SM-SP did not affect the first responses to 10 nM MP-NKB, whereas 10 nM SM-SP caused marked heterologous desensitization (78.1 Ϯ 4.3% desensitization) (Fig. 6C) . Overexpression of ␤-ARR1 markedly diminished this effect. Thus, prior activation of the NK1R markedly reduces homologous desensitization of the NK3R, even at concentrations that do not cause heterologous desensitization. This diminished homologous desensitization likely is mediated by SM-SP-induced depletion of the cytosol of ␤-ARRs.
In contrast, activation of the NK3R did not affect homologous desensitization of the NK1R (85 Ϯ 1% desensitization in vehicletreated cells, 85 Ϯ 4% desensitization in cells treated with 10 nM MP-NKB) (Fig. 6B) . Preincubation with 10 nM-MP-NKB did not cause heterologous desensitization of the NK1R (Fig. 6C) . Thus, activation of the NK3R does not impair the capacity of the NK1R to signal or desensitize.
Discussion
Activation of the NK1R caused sequestration of ␤-ARRs into endosomes and depletion of cytosolic ␤-ARRs, which impeded endocytosis and homologous desensitization of the NK3R. In view of the requirement of ␤-ARRs for desensitization, endocytosis, and signaling of many GPCRs, the sequestration of ␤-ARRs is likely to have marked effects on signaling.
␤-ARR-Dependent Interactions Between Neurokinin Receptors. Several observations suggest that sequestration of ␤-ARRs with the NK1R mediates inhibition of NK3R trafficking and desensitization. First, dominant negative ␤-ARRs caused surface retention of the NK3R, indicating a requirement of ␤-ARRs in endocytosis. ␤-ARRs are adapters for clathrin-dependent endocytosis of many GPCRs, including the NK1R, which supports our results (4-7). Although not examined, ␤-ARRs and G protein receptor kinases probably mediate homologous desensitization of the NK3R, as they do for the NK1R (6, 24) . Second, NK1R agonists caused sequestration of ␤-ARR1 into endosomes and depletion of cytosolic ␤-ARR1. This effect was observed in cells expressing NK1R, NK3R, and ␤-ARR at similar levels (7 ϫ 10 Ϫ3 fmol NK1R͞cell; 1.5 ϫ 10 Ϫ3 fmol NK3R͞cell; 7.7 ϫ 10 Ϫ3 fmol ␤-ARR1͞cell). Indeed, ␤-ARR1 remains with the NK1R in endosomes for several hours after SP-treatment (6) . SP also causes rapid membrane translocation of ␤-ARR2, followed by prolonged association with the receptor in endosomes (25, 26) . Thus, the NK1R belongs to ''class B'' GPCRs, including angiotensin II 1A, neurotensin 1, vasopressin V2, and thyroid releasing hormone receptors, that interact with ␤-ARR1͞2 with high affinity and that internalize with ␤-ARRs in endosomes (26) . Third, depletion of cytosolic ␤-ARRs by prior activation of the NK1R coincided with the inhibition of agonist-induced endocytosis and homologous desensitization of the NK3R. The inhibition of homologous desensitization occurred at concentrations of SM-SP (Ͻ3 nM) that failed to cause heterologous desensitization of the NK3R and, thus, cannot be attributed to diminished signaling of the NK3R. Finally, graded overexpression of ␤-ARR1 (7-to 22-fold over basal) rescued the NK1R-dependent inhibition of endocytosis of the NK3R.
Prior activation of the NK3R did not affect endocytosis or homologous desensitization of the NK1R. Although an NK3R agonist caused membrane translocation of ␤-ARR1, ␤-ARR1 rapidly returned to the cytosol and did not prominently sequester in endosomes, presumably because of the low-affinity interaction with the NK3R. Cytosolic ␤-ARRs then would be available to interact with the NK1R. Thus, the NK3R belongs to the ''class A'' GPCRs, including ␤ 2 -and ␣1b-adrenergic, -opioid, endo- thelin A, and dopamine D1A receptors, that form low-affinity, unstable interactions with ␤-ARRs, dissociate from receptors near the plasma membrane, and largely are excluded from endosomes (26) . The diminished sequestration of ␤-ARRs with NK3R compared with NK1R was observed in cell lines expressing comparable receptor levels and treated with the same agonist concentrations and, thus, is unlikely to be attributable to differences in expression or extent of activation of receptors.
The apparent difference in the affinity of the NK1R and NK3R for ␤-ARRs also may account for differences in trafficking and resensitization of these receptors. The internalized NK1R slowly (hours) recycles to the plasma membrane, and acidotropic agents and phosphatase inhibitors block recycling and resensitization (19) (20) (21) (22) . Recycling and resensitization entail ligand dissociation in acidified endosomes and receptor dephosphorylation and dissociation of ␤-ARRs. In contrast, internalized NK3R rapidly (30 min) recycles in KNRK cells (unpublished observations), possibly because of more rapid dissociation from ␤-ARRs, although there is no evidence for recycling in neurons (27) . Interaction with ␤-ARRs also affects trafficking of other GPCRs. The ␤ 2 -adrenergic receptor, which has a lowaffinity interaction with ␤-ARRs, recycles and resensitizes rapidly, whereas the vasopressin V2 receptor, which interacts with ␤-ARRs with high affinity, slowly recycles and resensitizes (28) .
Activation of the NK1R caused heterologous desensitization of the NK3R but not vice versa. A similar pattern of heterologous desensitization occurs in enteric neurons (29) . An unexpected finding was that overexpression of ␤-ARR1 diminished heterologous desensitization of the NK3R. Prior activation of the NK1R caused redistribution of NK3R into patches at the plasma membrane (e.g., Fig. 5A, 30 min) , which could affect NK3R coupling and, thus, induce heterologous desensitization. By restoring the normal distribution of the NK3R, ␤-ARRs thus could diminish heterologous desensitization.
Physiological Implications. NK1R and NK3R are coexpressed by enteric neurons (15, 16) and endothelial cells (17) . SP and NKA, the principal tachykinins in peripheral tissues, can interact with both NK1R and NK3R (14) . Activation of the NK1R would sequester ␤-ARRs in endosomes and thereby cause retention of the NK3R at the cell surface, where it would be resistant to desensitization and internalization. Such regulation could permit cells to respond to tachykinins at a time when the NK1R was desensitized and internalized. This state may persist until ␤-ARRs return to the cytosol, when the NK3R could interact with ␤-ARRs, uncouple, and internalize and the NK1R would have recycled.
The sequestration of ␤-ARRs in endosomes with the NK1R similarly could impede ␤-ARR-dependent regulation of signaling by many GPCRs. Agonists of other ''class B'' GPCRs, which interact with high affinity with ␤-ARRs, also would affect ␤-ARR-dependent signaling of ''class A,'' low-affinity GPCRs. In view of the roles of ␤-ARRs in uncoupling, endocytosis, and mitogenic signaling, regulation of the interactions between GPCRs and ␤-ARR would be expected to have far-reaching, functional implications.
During review, a report was published indicating that activation of the vasopressin V2 receptor inhibits endocytosis of the ␤ 2 AR by a mechanism similar to the one reported herein (30) .
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